A comprehensive understanding of the environmental impacts of buildings is not possible without knowledge of the technical and environmental properties of the materials that are used for their construction. This paper evaluates the environmental impacts of 156 material variations of conventional compositions of external bearing walls, which represent a significant part of a building's envelope. Environmental (embodied energy, global warming potential, effects to human health, damage to ecosystems, and resources availability) and technical (surface temperature, number of layers, thickness, and weight) parameters are investigated for structures with similar heat transfer coefficients (U = 0.21-0.22 W/(m 2 ·K)). Based on a multi-criteria analysis, an optimal material composition, consisting of aerated concrete with graphite polystyrene, was identified. By analyzing the costs of the best material compositions, it is observed that constructions with environmental benefits do not result in an increase in the cost of the construction. On the contrary, at present, they represent an approximately 10% cheaper solution.
Introduction
Current development trends in construction are increasingly becoming linked to the principles of sustainable development [1] [2] [3] [4] . To reduce the negative impact of buildings, it is no longer feasible to concentrate only on optimizing the energy consumption during the operational phase of buildings. With increasing focus on the construction of low-energy or zero-energy buildings, the importance of the environmental impacts of the building materials themselves also comes to the fore [5] . Efficiently reducing the embodied energy of building materials and the amount of raw materials used, and using materials and ensuring their recyclability, as well as making sustainability-based choices and using environmentally safe building materials must become common practice [6, 7] . A qualitative and quantitative assessment of the environmental impacts of building materials and structures is an important approach to achieving these goals.
There are various evaluation methods, but the most comprehensive method is the Life Cycle Assessment (LCA), which evaluates the impacts of products during the selected life cycle phases through predetermined environmental indicators [8, 9] . The International Organisation for Standardisation (ISO) has published a set of standards on LCA (ISO14040 and 14044) that describe the general principles and requirements to undertake LCA, and to ensure its quality and consistency.
A total of 156 material variants of the bearing walls were selected for the evaluation. The amount of the material variants was set to cover all the commonly used masonry structures with the most often-used materials. The wall structure was designed as construction, with a contact thermal insulation system, to meet the recommended maximum value of the heat transfer coefficient of U = 0.22 W/(m 2 ·K), which has been valid since 2016 [34] . The heat transfer coefficient (U) is an important criterion in the design of the exterior walls, in terms of building thermal protection. In Central Europe, masonry construction materials are one of the most popular materials that are used in individual construction. This results mainly from the tradition of masonry building procedures in the region, and the efforts to ensure a stable and durable construction [35] . Therefore, in this study, attention is primarily focused on the impact of masonry walls. The main materials that are contained in each structure of the wall were present in the following order, as shown in Figure 1 : Interior plaster, solid wall material, adhesive mortar, insulation materials, adhesive, reinforcing mesh, exterior primer, and finish coat.
The solid wall materials included ceramic perforated bricks, aerated concrete blocks, and monolithic reinforced concrete structures. For the ceramic wall materials, bricks of thicknesses of 440, 380, and 300 mm were analyzed. They varied in density (660 and 840 kg/m 3 , 760 and 830 kg/m 3 , and 800 and 1000 kg/m 3 , respectively) and in the type of adhesive mortar used (perlite (P) and cement (C)). Two types of aerated concrete (AC) blocks (300 and 375 mm) with densities of 400 and 500 kg/m 3 were used. The masonry structures were compared with a 200 mm thick monolithic reinforced concrete structure (RC).
The chosen interior plasters represented the most commonly used lime-cement plasters. Exterior plasters were designed in two alternatives: Silicate plasters based on inorganic binders (water glass) or silicone plasters based on organic silicone resins. The reinforcing fiberglass mesh was also included. Two conventionally used insulation materials were selected for the external wall insulation: Polystyrene and mineral wool. Expanded polystyrene (EPS) A, with a bulk density of 28 kg/ m 3 , and EPS B, with a bulk density of 30 kg/m 3 , were considered in the calculation. Improved graphite alternatives (EPSg) of polystyrene, with bulk densities of 28 and 30 kg/m 3 , were analyzed. Mineral fiber insulation based on rock wool (RW) was also used in two types, with bulk densities of 115 and 150 kg/m 3 . The thickness of the thermal insulation was determined based on the thermal-technical calculation [36] , so that the value of the heat transfer coefficient U of the wall was in a close interval from 0.21 to 0.22 W/(m 2 ·K). Thus, the thickness of the thermal insulation ranged between 20 to 200 mm.
Individual material compositions of the bearing walls are briefly described in Table 1 , and an example of a detailed description of the material composition for the groups of structures W1-W8 is given in Table 2 . Similar combinations of materials and thicknesses were also analyzed for all other groups W9-W156. Two conventionally used insulation materials were selected for the external wall insulation: Polystyrene and mineral wool. Expanded polystyrene (EPS) A, with a bulk density of 28 kg/ m 3 , and EPS B, with a bulk density of 30 kg/m 3 , were considered in the calculation. Improved graphite alternatives (EPSg) of polystyrene, with bulk densities of 28 and 30 kg/m 3 , were analyzed. Mineral fiber insulation based on rock wool (RW) was also used in two types, with bulk densities of 115 and 150 kg/m 3 . The thickness of the thermal insulation was determined based on the thermal-technical calculation [36] , so that the value of the heat transfer coefficient U of the wall was in a close interval from 0.21 to 0.22 W/(m 2 ·K). Thus, the thickness of the thermal insulation ranged between 20 to 200 mm.
Individual material compositions of the bearing walls are briefly described in Table 1 , and an example of a detailed description of the material composition for the groups of structures W1-W8 is given in Table 2 . Similar combinations of materials and thicknesses were also analyzed for all other groups W9-W156. 
Technical Parameters of Constructions
For all the constructions, these selected physical and technical parameters were considered: Internal surface temperature (θ si ), the number of material layers, and the thickness and weight of the wall structures.
The internal surface temperature (θ si ) was calculated by Teplo software [36] to estimate the risk of possible condensation or mold growth. The surface temperature of the construction should be above the corresponding critical value, to eliminate the risk of mold formation [35] .
The number of material layers in the wall structure indicates the laboriousness of the construction process. Generally, the fewer layers there are, the better. More layers of materials result in more construction work, because in addition to masonry works and plastering, additional activities are required, e.g., embedding of the fiberglass mesh, anchoring of thermal insulation, or bonding and coating.
The thickness of the wall construction was also an important factor to be assessed. The total thickness affects the size of the interior space. By comparing the same spaces with different wall thicknesses, a higher thickness results in a reduction in the interior space, thus decreasing the spatial efficiency. Another reason for analyzing the thicknesses of the walls was the potential issue with window screening in thick wall constructions, resulting in less light entering the buildings. Therefore, we aimed for the smallest wall thicknesses. The thicknesses of the individual layers were designed in accordance with commonly known facts, or based on the recommendations of the manufacturers of individual materials. The thicknesses of heat-insulating materials and heat-insulating plasters were designed so that the structure met the aforementioned requirements of the heat transfer coefficient, and are similar as in Salandin and Soler's report [37] .
The weight of the wall construction was another critical consideration. A higher weight of materials results in an increased load on the foundations. Therefore, in general, efforts are made to reduce the weight of the walls. Conversely, a higher weight of construction acts positively in terms of stabilizing indoor temperatures in winter and summer periods, as they exhibit better heat-storage capacities, and possibly better acoustic-insulating performance [38] . For the purpose of this study, heavyweight constructions were considered as constructions with a more negative impact, because a higher mass of materials usually contributes to an increase in negative environmental impacts.
Environmental Analysis
The functional unit that was established in all the assessed scenarios was 1 m 2 of the structure with the same thermal performance. A lifespan period of 50 years was considered for the wall constructions, while 25 years was considered for both the exterior and interior plasters. Based on the ISO standards [19] , the evaluation was performed within the "cradle-to-gate" boundaries, using SimaPro software.
Inventory analysis (LCI), focusing on all the environmental inputs and outputs that are associated with a product, such as the uses of raw materials, energy, and the emission of pollutants, was processed through the Ecoinvent database [14] . Over the past decade, the European database Ecoinvent, developed by the Swiss Life Cycle Inventory, has become the global leader in creating the most Energies 2019, 12, 260 6 of 27 transparent life cycle assessment databases. At present, this database is among the most comprehensive and most transparent international databases, with more than 13,300 points of data in many areas, such as energy supply, agriculture, transport, biofuels and biomaterials, bulk and specialty chemicals, building materials, wood, and waste treatment.
The alternative scenarios assessed 156 different alternatives of external walls, based on the LCA data of the following construction materials, as mentioned above: Lime-cement plaster, brick, aerated concrete, and reinforced concrete as solid wall materials; adhesive mortar, EPS polystyrene, graphite polystyrene, and rock wool as insulation materials; and cement mortar, fiberglass mesh, and silicone and silicate plasters as finish coats. The data set representing the "cradle-to-gate" inventory (production phase) began with the extraction phase of raw materials to the final material treatment that was suitable for embedding in the construction, including the required production energy. Transports between the "gate-to-building site", or any construction works, operational phase, and dismantling were not part of the system. According to Ecoinvent data, the materials' inputs were specified as follows:
Lime-cement mortar included the following processes: The entire manufacturing process for producing lime-cement mortar (raw material provision, raw material mixing, packing, and storage), transport to the plant, and infrastructure. The lifespan of mortar was assumed to be 20-25 years, according to Aktas and Bilec [39] , and therefore it was doubled. Bricks included the processing of the raw materials clay, straw, and water, their transport to the finishing plant, and preparing the bricks, the drying energy in terms of heat from liquid gas, the packaging, and the infrastructure.
Aerated concrete included the raw materials, their transport to the finishing plant, the energy for the autoclaving process, the packaging, the infrastructure, the disposal of wastewater, and some solid household (e.g., packing material) wastes. Reinforced concrete-the life cycle assessment of pre-cast concrete elements-covered the production of concrete types C20/25 and reinforcing steel. The average bulk density amounts were 2.4 t/m 3 , with a standard minimum reinforcement share of 0.5%. The assessment included the life cycle from energy generation and raw material supply, to the finished product at the plant gate. Adhesive and cement mortars included raw materials provision, raw material mixing, packing, storage, transport to the plant, and infrastructure. Expanded polystyrene included all processes from raw material extraction until its delivery at the plant (production by suspension polymerization out of benzene and ethylene), grinding, and thermoforming processes. Graphite polystyrene included, in addition to ordinary polystyrene, all the processes regarding milled graphite production (raw materials, machineries, and energy consumption). Rock wool included all the manufacturing processes, mechanical packing, and the administration of the rock wool factory. Fiberglass mesh included the production of glass fiber and acrylic acid production (raw materials and chemicals used for production, the transport of materials to the manufacturing plant, emissions to air and water from production, estimations of energy demand, and the infrastructure of the plant). The silicate plaster module contained material and energy inputs, and the production of waste and emissions for the production of sodium phosphate out of phosphoric acid. The transport and infrastructure were then estimated. The lifespan of plaster was assumed similarly as for the lime mortar, to be 20-25 years, and therefore it was doubled. Silicone plaster included raw material inputs and energy to produce average silicon products, and polyester resin, and emission to water by analogy to other processes. Transport and infrastructure were estimated. The lifespan of plaster is assumed to be 20-25 years, and therefore it was doubled.
The electricity included the main processes of electricity production in Slovakia, the transmission network, and direct SF6 emissions to air. Electricity losses during medium-voltage transmission and transformation from high voltage were accounted for. The production volume was 23 TWh. Assumptions for the transmission network, losses, and emissions were based on Swiss data.
The ReCiPe endpoint method was selected to be the life cycle impact assessment (LCIA) of the material alternatives. ReCiPe is the most recent and harmonized indicator approach that is available in LCIA [40] . In ReCiPe, the indicators at two levels were determined: 18 midpoint indicators, and three endpoint indicators. Endpoint indicators show the environmental impacts on three higher aggregation Energies 2019, 12, 260 7 of 27 levels, being the effect on human health (unit: DALY-disability-adjusted life years), the damage to ecosystem quality (unit: species/year), and resource scarcity (unit: monetary value, e.g., $). DALY are metrics that express the disability-adjusted life years due to human health damage, as explained by Muray [41] . Within the ReCiPe endpoint method, a hierarchist consensus model, which is often encountered in scientific studies and is considered to be the default one, was applied.
To emphasize the environmental impacts, in addition to the ReCiPe, two separate evaluation methods were selected in the LCIA phase. The cumulative energy demand (CED) was aimed at the calculation of the PEI of materials in the structures, whereas the IPCC (Intergovernmental Panel on Climate Change) method was aimed at the GWP calculation.
The CED method [42] considered the characterization factors that were given for the energy resources in five impact categories: Non-renewable, fossil; non-renewable, nuclear; renewable, biomass; renewable, wind, solar, geothermal; and renewable, water. No normalization or weighting data was included in the calculation. The LCA results for non-renewable, fossil energy were of interest in our study, to evaluate the PEI of the wall alternatives.
Finally, the GWP indicator (kg CO 2 eq/m 2 ) was determined by using the IPCC method [43] . IPCC 2001, developed by the Intergovernmental Panel on Climate Change, contains climate change factors with a timeframe of 100 years. IPCC characterization factors take into account the direct global warming potentials of air emissions (except CH 4 ), and do not include the indirect formation of dinitrogen monoxide from nitrogen emissions, emissions of NOx, water, sulfate, or the indirect effects of CO emissions.
Multi-Criterial Analysis
The multi-criterial analysis was used to determine an order of wall alternatives, based on the analysis of a higher number of varied criteria, including environmental and technical parameters. The applied methodology considered the quantification of qualitative parameters, using multi-dimensional assessment indicators in recommended wall material compositions, according to the evaluation purpose.
A matrix of data values for individual j-indicators served as an input to the problem solution, with the determination of the permissible standards for their values u j , as evaluated from i numbers of sites. The calculation included a triangular matrix of correlation indexes r ij , as well as the values of the arithmetic mean y j , a standard deviation s j from a set of individual indicators, and the Student's t-test values for these indicator values [44] .
The indicators were further processed by using an original mathematical and statistical method, based on vector, factor, and discriminant analysis, correlation calculus, and tests of significance, so that a complex of environmental performance value for human health or building wall material application could be determined by a dimensionless criterion, Q i . This approach can be applied as a supplementary tool for management by building developers or state government authorities, providing a complex view of multi-criterial environmental issues [45] . Significance tests also allow for a partial or detailed detection of the critical environmental performance with regard to human health and building applications.
The following individual factors have been selected for the multi-criterial evaluation of the wall material alternatives: The individual six factors have amplifying effects on environmental performance, with a positive polarization of criteria. The same level of importance was assigned for all the individual factors in multi-criterial analysis.
Cost of the Materials in Construction
The costs of the constructions were calculated based on the materials' prices, according to documents provided by the manufacturers. The calculation did not include the cost of construction works or "gate-to-building site" transportation. Therefore, the calculated costs of wall constructions, expressed per functional unit (i.e., per 1 m 2 of the wall structure), might represent average prices in the European region.
In addition, a simplified life cycle cost analysis (LCC) was performed for three wall material alternatives which have been identified as best options in each material group. The production phase, construction phase, operational phase, and disposal have been considered to calculate the total costs. The production phase involved the prices of materials in the wall as mentioned above, while the construction phase included the unit prices per hour of human and machine labor in the Slovak republic. The costs in the operational phase included the cost of material and labor to renew interior and exterior plasters once in a 50-year life span period. Two scenarios have been under consideration regarding the dismantling phase: Scenario A supposed the disposal of the partially separated wall material (70% separated, 30% mixed waste), and Scenario B considered the mixed waste only. The prices in the disposal phase were based on the assumption that the material will be landfilled, since this is the most common way to treat the waste in the Slovak republic. All the prices of the bulk materials were calculated from the unit prices per cubic meter.
Results and Discussion

Technical Characterization of the Vertical Constructions
The number of layers for the analyzed structures ranged from six (for all brick constructions) to seven (reinforced concrete structures). Salandin and Soler [37] , computing the minimum construction cost of a building's external wall, taking into account its energy efficiency, considered six-layer construction.
As mentioned above, the structures had different thicknesses, in order to meet the required U value (0.21-0.22 W/(m 2 ·K)) and thus keep the same thermal insulation performance. The thicknesses of the individual constructions ranged between 383-553 mm, and their weights were in the range of 153.96-553.09 kg/m 2 . The surface temperatures ranged from 18.24-18.33 • C, as shown in Figure 2 . The selected technical parameters were conventionally assessed, not only for vertical constructions, but also for other constructions, e.g., roofs [46, 47] . The individual six factors have amplifying effects on environmental performance, with a positive polarization of criteria. The same level of importance was assigned for all the individual factors in multi-criterial analysis.
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Technical Characterization of the Vertical Constructions
As mentioned above, the structures had different thicknesses, in order to meet the required U value (0.21-0.22 W/(m 2 ·K)) and thus keep the same thermal insulation performance. The thicknesses of the individual constructions ranged between 383-553 mm, and their weights were in the range of 153.96-553.09 kg/m 2 . The surface temperatures ranged from 18.24-18.33 °C, as shown in Figure 2 . The selected technical parameters were conventionally assessed, not only for vertical constructions, but also for other constructions, e.g., roofs [46, 47] . W6  W11  W16  W21  W26  W31  W36  W41  W46  W51  W56  W61  W66  W71  W76  W81  W86  W91  W96  W101  W106  W111  W116  W121  W126  W131  W136  W141  W146  W151  W156 Thickness mm The minimum and maximum values, as well as the average values, are given in Table 3 . All the results of the individual constructions are reported in Appendix A. The minimum thickness of the wall structures was assigned to the aerated concrete wall equipped with graphite EPS (388 mm), and to the reinforced concrete walls (383 mm). The brick walls with mineral thermal insulation were responsible for a maximum thickness of up to 553 mm.
The lightest constructions were represented by the aerated concrete walls (300 mm) with graphite polystyrene (154 kg/m 2 ). By contrast, the heaviest ones were the walls of reinforced concrete with mineral insulation (553.1 kg/m 2 ). The weights of brick walls ranged from 274 to 426 kg/m 2 , depending on the thicknesses of the bricks and the insulation. Surface temperature C The minimum and maximum values, as well as the average values, are given in Table 3 . All the results of the individual constructions are reported in Appendix A. The minimum thickness of the wall structures was assigned to the aerated concrete wall equipped with graphite EPS (388 mm), and to the reinforced concrete walls (383 mm). The brick walls with mineral thermal insulation were responsible for a maximum thickness of up to 553 mm.
The lightest constructions were represented by the aerated concrete walls (300 mm) with graphite polystyrene (154 kg/m 2 ). By contrast, the heaviest ones were the walls of reinforced concrete with mineral insulation (553.1 kg/m 2 ). The weights of brick walls ranged from 274 to 426 kg/m 2 , depending on the thicknesses of the bricks and the insulation.
Surface temperatures that were directly related to the heat transfer coefficient showed opposite extremes. The highest value of θ si = 18.33 • C was associated with the brick walls (300 mm), and with ordinary and graphite EPS, as well as with the aerated concrete blocks (375 mm). The lowest value of θ si = 18.24 • C was calculated for the 380 mm thick brick wall with thermal insulation from mineral wool.
Environmental Evaluation of the Vertical Structures
A comparison of the calculated environmental loads of all evaluated material alternatives of the wall structures, presented in eco-points (Pt), is given in Figure 3 . One Pt represents one-thousandth of the yearly environmental load of one average European inhabitant. The environmental parameters ranged from 4.3 to 10.9 Pt for human health, 2.2 to 5.4 Pt for the ecosystem, and 2.8 to 10.5 Pt for resources. Surface temperatures that were directly related to the heat transfer coefficient showed opposite extremes. The highest value of θsi = 18.33 °C was associated with the brick walls (300 mm), and with ordinary and graphite EPS, as well as with the aerated concrete blocks (375 mm). The lowest value of θsi = 18.24 °C was calculated for the 380 mm thick brick wall with thermal insulation from mineral wool.
A comparison of the calculated environmental loads of all evaluated material alternatives of the wall structures, presented in eco-points (Pt), is given in Figure 3 . One Pt represents one-thousandth of the yearly environmental load of one average European inhabitant. The environmental parameters ranged from 4.3 to 10.9 Pt for human health, 2.2 to 5.4 Pt for the ecosystem, and 2.8 to 10.5 Pt for resources. From analyzing the results, the most important negative effect of the wall structures was identified in the category of Human Health, followed by Resources and Ecosystems. The environmental load found in the Human Health category was almost twice as high as the Ecosystems category. To analyze the environmental impacts of the particular wall constructions in more detail, the results are further presented for the groups of wall structures, according to the wall materials.
Effects on Human Health
The trend in the environmental impacts of the wall constructions with regard to their effects on human health is given in Figure 4 . From analyzing the results, the most important negative effect of the wall structures was identified in the category of Human Health, followed by Resources and Ecosystems. The environmental load found in the Human Health category was almost twice as high as the Ecosystems category. To analyze the environmental impacts of the particular wall constructions in more detail, the results are further presented for the groups of wall structures, according to the wall materials.
The trend in the environmental impacts of the wall constructions with regard to their effects on human health is given in Figure 4 . Surface temperatures that were directly related to the heat transfer coefficient showed opposite extremes. The highest value of θsi = 18.33 °C was associated with the brick walls (300 mm), and with ordinary and graphite EPS, as well as with the aerated concrete blocks (375 mm). The lowest value of θsi = 18.24 °C was calculated for the 380 mm thick brick wall with thermal insulation from mineral wool.
Environmental Evaluation of the Vertical Structures
Effects on Human Health
The trend in the environmental impacts of the wall constructions with regard to their effects on human health is given in Figure 4 . Considering the lowest effects in the Human Health category, the best material alternative was identified for each group of structures, and also for all of the structures as a whole, as shown in Table 4 . As seen in Figure 4 , the lowest environmental impacts were associated with the structures with aerated concrete as the core wall material. Considering the lowest effects in the Human Health category, the best material alternative was identified for each group of structures, and also for all of the structures as a whole, as shown in Table 4 . Figure 5 illustrates the impacts of the wall structures in terms of the damage to ecosystem quality.
(c) Considering the lowest effects in the Human Health category, the best material alternative was identified for each group of structures, and also for all of the structures as a whole, as shown in Table 4 . Figure 5 illustrates the impacts of the wall structures in terms of the damage to ecosystem quality. Similar to the previous category, the lowest environmental load was found for structures with aerated concrete, where the results ranged from 0.9 to 2.1 × 10 −6 species/year per 1 m 2 of construction. The average value for AC was also lower (1.56 × 10 −6 species/year) than those of brick and RC structures (1.85 and 1.79 × 10 −6 species/year, respectively). The results of the particular material compositions with the lowest impacts in damage to ecosystem quality, identified for each material group, are given in Table 4 .
Resource Scarcity
The environmental contributions of the wall construction processing to resource scarcity is presented in Figure 6 . Resource scarcity /$ W145-W156 Similar to the previous category, the lowest environmental load was found for structures with aerated concrete, where the results ranged from 0.9 to 2.1 × 10 −6 species/year per 1 m 2 of construction. The average value for AC was also lower (1.56 × 10 −6 species/year) than those of brick and RC structures (1.85 and 1.79 × 10 −6 species/year, respectively). The results of the particular material compositions with the lowest impacts in damage to ecosystem quality, identified for each material group, are given in Table 4 .
The environmental contributions of the wall construction processing to resource scarcity is presented in Figure 6 . Similar to the previous category, the lowest environmental load was found for structures with aerated concrete, where the results ranged from 0.9 to 2.1 × 10 −6 species/year per 1 m 2 of construction. The average value for AC was also lower (1.56 × 10 −6 species/year) than those of brick and RC structures (1.85 and 1.79 × 10 −6 species/year, respectively). The results of the particular material compositions with the lowest impacts in damage to ecosystem quality, identified for each material group, are given in Table 4 .
The environmental contributions of the wall construction processing to resource scarcity is presented in Figure 6 . Even in the category of Resource Scarcity, the same trend was confirmed as in the construction impacts; as seen from Figure 6 , AC structures achieved the lowest environmental scores. The average impacts were calculated as $759, $868, and $954 for the AC, RC, and brick structures, respectively. Resource scarcity /$ W145-W156 Even in the category of Resource Scarcity, the same trend was confirmed as in the construction impacts; as seen from Figure 6 , AC structures achieved the lowest environmental scores. The average impacts were calculated as $759, $868, and $954 for the AC, RC, and brick structures, respectively.
A comparison of the material alternatives with the lowest impacts in the particular wall material groups, including their environmental as well as the main technical parameters, is given in Figure 7 Based on the above results, it can be stated that the material group with the most environmentally suitable material composition was aerated concrete insulated by graphite polystyrene. The best environmental performance was found for the material alternative W105, which was composed of a total of six layers, including 300 mm thick aerated concrete (with a density of 400 kg/m 3 ), 70 mm thick graphite polystyrene EPSg (with a bulk density of 28 kg/m 3 ), silicate-based external plaster, reinforcing fiberglass mesh, and lime-cement interior plaster. The overall thickness of this structure reached 388 mm, while its overall weight per 1 m 2 was 154.11 kg. This composition was associated with the lowest values of all endpoint indicators. In addition, within the analyzed interval of the heat transfer coefficients, this material composition reached the best value of U = 0.207/(m 2 ·K).
Primary Energy (PEI) of the Vertical Structures
The calculated PEI of the structures ranged from 904.6 to 3362.4 MJ/m 2 , and corresponded to the results obtained by other authors who analyzed the impacts of building materials in building constructions [48] [49] [50] . The maximum values were a little higher, which could be caused by our multiplying the effects of the plasters by 2, because of the half-life of the plaster over the other materials. As seen in Figure 8 , two separate areas were observed when the correlation between the PEI and thickness was investigated. A significant difference in the PEI values of the structures (630 MJ/m 2 ) was found between the worst structure from the first region, and the best structure from the second region. Surprisingly, the key factor dividing the structures regarding the PEI was the exterior plaster. All the structures in the lower region involved the silicate, while in the higher region, they involved silicone plaster. This could be probably caused by a more complicated process of manufacturing for the organic compounds during siloxane production. Nevertheless, this requires more investigation to confirm the finding. As for the core materials of the wall, the PEI results were Based on the above results, it can be stated that the material group with the most environmentally suitable material composition was aerated concrete insulated by graphite polystyrene. The best environmental performance was found for the material alternative W105, which was composed of a total of six layers, including 300 mm thick aerated concrete (with a density of 400 kg/m 3 ), 70 mm thick graphite polystyrene EPSg (with a bulk density of 28 kg/m 3 ), silicate-based external plaster, reinforcing fiberglass mesh, and lime-cement interior plaster. The overall thickness of this structure reached 388 mm, while its overall weight per 1 m 2 was 154.11 kg. This composition was associated with the lowest values of all endpoint indicators. In addition, within the analyzed interval of the heat transfer coefficients, this material composition reached the best value of U = 0.207/(m 2 ·K).
The calculated PEI of the structures ranged from 904.6 to 3362.4 MJ/m 2 , and corresponded to the results obtained by other authors who analyzed the impacts of building materials in building constructions [48] [49] [50] . The maximum values were a little higher, which could be caused by our multiplying the effects of the plasters by 2, because of the half-life of the plaster over the other materials. As seen in Figure 8 , two separate areas were observed when the correlation between the PEI and thickness was investigated. A significant difference in the PEI values of the structures (630 MJ/m 2 ) was found between the worst structure from the first region, and the best structure from the second region. Surprisingly, the key factor dividing the structures regarding the PEI was the exterior plaster. All the structures in the lower region involved the silicate, while in the higher region, they involved silicone plaster. This could be probably caused by a more complicated process of manufacturing for the organic compounds during siloxane production. Nevertheless, this requires more investigation to confirm the finding. As for the core materials of the wall, the PEI results were in accordance with the results presented before, as the aerated concrete structures reached the lowest PEI score. When examining the separate correlations for silicate plaster-containing and silicone plastercontaining structures, a medium correlation was found, with the same correlation coefficients for both relations R = 0.73, as shown in Table 5 . This points to the expected confirmation of the linear correlation between the thickness of the masonry wall structure and its primary energy demand.
Similar findings were observed for the correlation between PEI and weight, as shown in Figure  9 . Two regions with a significant difference in PEI were confirmed. Moreover, in contrast to the investigation of PEI versus thickness, in the dependence of PEI on the weight, two other separated regions belonging to the RC structures were identified. When analyzing all the structures, a linear correlation between the PEI and weight (R = 0.62) could not be clearly stated. However, when excluding the RC structures, a very high correlation (R = 0.91) was found for the brick and AC structures versus their weight. When examining the separate correlations for silicate plaster-containing and silicone plaster-containing structures, a medium correlation was found, with the same correlation coefficients for both relations R = 0.73, as shown in Table 5 . This points to the expected confirmation of the linear correlation between the thickness of the masonry wall structure and its primary energy demand.
Similar findings were observed for the correlation between PEI and weight, as shown in Figure 9 . Two regions with a significant difference in PEI were confirmed. Moreover, in contrast to the investigation of PEI versus thickness, in the dependence of PEI on the weight, two other separated regions belonging to the RC structures were identified. When analyzing all the structures, a linear correlation between the PEI and weight (R = 0.62) could not be clearly stated. However, when excluding the RC structures, a very high correlation (R = 0.91) was found for the brick and AC structures versus their weight. When examining the separate correlations for silicate plaster-containing and silicone plastercontaining structures, a medium correlation was found, with the same correlation coefficients for both relations R = 0.73, as shown in Table 5 . This points to the expected confirmation of the linear correlation between the thickness of the masonry wall structure and its primary energy demand.
Similar findings were observed for the correlation between PEI and weight, as shown in Figure  9 . Two regions with a significant difference in PEI were confirmed. Moreover, in contrast to the investigation of PEI versus thickness, in the dependence of PEI on the weight, two other separated regions belonging to the RC structures were identified. When analyzing all the structures, a linear correlation between the PEI and weight (R = 0.62) could not be clearly stated. However, when excluding the RC structures, a very high correlation (R = 0.91) was found for the brick and AC structures versus their weight. 
Global Warming Potentials of the Vertical Structures
The GWP of the wall structures varied from 110.97 to 183.4 kg CO 2 eq/m 2 for the silicate plaster structures, and from 209.5 to 281.9 kg CO 2 eq/m 2 for the silicone plaster structures. The GWP values were in accordance with the results of other authors, who aimed even higher at the impacts of building constructions [45] [46] [47] , likely due to double-calculation of the effects of the plasters. Two separate regions were found, similarly as with PEI, when analyzing the relationship between GWP and thickness, as shown in Figure 10 , and between GWP and weight, as shown in Figure 11 .
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Correlated Parameters Correlation Coefficient (R)
GWP/Thickness 0.72 GWP/Weight 0.78
The correlation coefficients reached similar values as in the PEI correlation, and the values for weight were even higher. Based on the results of the correlation, it can be concluded that there was a correlation between the PEI and GWP results, and also for the thickness and weight results of the structures.
A comparison of the material alternatives with the lowest impacts, as presented in Table 5 , including their GWP and PEI as well as their weight, thickness, and surface temperature is given in Figure 12 .
A comparison of the material alternatives with the lowest impacts, as presented in Table 5 , including their GWP and PEI as well as their weight, thickness, and surface temperature is given in Figure 12 . The particular values are expressed as percentage shares of the overall values. Table 7 shows the calculated level of environmental performance (Qi) for 10 wall compositions, to be identified as the best evaluated alternatives of all, according to the above-mentioned methodologies, and by using the calculation performed by a computer algorithm. The order of the wall structures was determined through its Qi value, where the lower the Qi value, the better the performance of the structure. By evaluating the results of the multi-criterial analysis, the AC-based wall structures were identified as the most suitable material alternatives. These were walls with relatively low thicknesses, low weights, good thermo-technological parameters, and lower negative impacts on the Table 7 shows the calculated level of environmental performance (Q i ) for 10 wall compositions, to be identified as the best evaluated alternatives of all, according to the above-mentioned methodologies, and by using the calculation performed by a computer algorithm. The order of the wall structures was determined through its Q i value, where the lower the Q i value, the better the performance of the structure. By evaluating the results of the multi-criterial analysis, the AC-based wall structures were identified as the most suitable material alternatives. These were walls with relatively low thicknesses, low weights, good thermo-technological parameters, and lower negative impacts on the environment. When taking into account the findings of the correlation analysis, these results were in accordance with those regarding the correlation analysis. The wall (W105), made of 300 mm thick aerated concrete with 70 mm thick graphite polystyrene insulation, was identified as the most appropriate one. This was the same finding as when evaluating only the endpoint indicators' scores. 
Results of Multi-Criterial Analysis of the Wall Structures
Costs of the Material Alternatives
The calculated costs of materials in the constructions, with similar thermal performances (U = 0.21-0.22 W/(m 2 ·K)), ranged from 56.4 to 97.3€ per 1 m 2 , as illustrated in Figure 13 .
The calculated costs of materials in the constructions, with similar thermal performances (U = 0.21-0.22 W/(m 2 ·K)), ranged from 56.4 to 97.3€ per 1 m 2 , as illustrated in Figure 13 . Currently, in many cases, cost is a leading factor for material selection, at the expense of other factors. The findings revealed that the cost of the most suitable material composition of the external bearing wall constructions did not exceed the average price per 1 m 2 of the composition (72.40 €/m 2 ), but was in fact 14% lower. This also applied to the design that was assessed as being the most environmentally friendly (W105), and that reached the lowest values for all environmental indicators in relation to the environmental impact. Based on the price of the materials, the external bearing wall that was evaluated as the best, from the environmental point of view, did not result in an increase in the material costs. Table 8 presents the results of the simplified LCC analysis of three wall alternatives to be identified as best options in the particular material groups: W33 (brick), W105 (aerated concrete), and W149 (reinforced concrete). All values in Table 8 are given in €/m 2 . The cost of the materials of the wall structure that was found to be the most environmentally sound was accounted to be 61.87 €/m 2 .
Currently, in many cases, cost is a leading factor for material selection, at the expense of other factors. The findings revealed that the cost of the most suitable material composition of the external bearing wall constructions did not exceed the average price per 1 m 2 of the composition (72.40 €/m 2 ), but was in fact 14% lower. This also applied to the design that was assessed as being the most environmentally friendly (W105), and that reached the lowest values for all environmental indicators in relation to the environmental impact. Based on the price of the materials, the external bearing wall that was evaluated as the best, from the environmental point of view, did not result in an increase in the material costs. Table 8 presents the results of the simplified LCC analysis of three wall alternatives to be identified as best options in the particular material groups: W33 (brick), W105 (aerated concrete), and W149 (reinforced concrete). All values in Table 8 are given in €/m 2 .
As it can be seen in Table 8 , the walls with the aerated concrete seem to be less expensive even when the whole life cycle costs are considered. 
Conclusions
The findings have revealed that the most serious negative impacts of wall structures were in the category of Human Health, followed by the categories of Resources and Ecosystems. This is an important finding, since most of the attention regarding building constructions is focused on environmental impacts such as primary energy, global warming, or acidification. The results point to a need for a deeper investigation in the field, with a special regard to building materials' effects on human health.
Based on the results of the environmental impact assessment of individual material compositions, the most environmentally sound material composition of external bearing, with a heat transfer coefficient U being within the interval 0.21-0.22 W/(m 2 ·K), was identified as a structure consisting of 300 mm aerated concrete, 70 mm thick graphite polystyrene insulation, an interior of lime-cement plaster, and silicate plaster. This composition corresponded to the lowest values of all endpoint indicators (effects on Human Health, Damage to Ecosystems Quality, and Resource Scarcity). The wall alternatives with aerated concrete proved to have better environmental performances than other wall alternatives containing brick or reinforced concrete. This is probably related to the more energy-intensive production processes in the cases of bricks and steel, which are embedded in reinforced concrete, compared to aerated concrete. Material alternatives with silicate plaster reached lower values of both PEI and GWP indicators than those with silicone plasters. This finding is likely caused by a significant difference in the manufacturing processes of silicone and silicate plasters, since the silicone production is based on organic processes. However, there is a need for further investigation into that result.
A significant correlation was found between the primary energies of the material alternatives and the thickness of the structure, as well as between the PEI and the weights of all the materials built into the wall structure. The same correlation was also found for the GWP dependence on the thickness of the wall structure and its weight.
Multi-criterial analysis confirmed that the wall material composition that achieved the best environmental parameters was an acceptable variant, even after considering the technical perspective. In this composition, a compromise between the technical and environmental parameters has been achieved in terms of relatively good thermal properties, and relatively low thicknesses and weights of materials possessing acceptable values for all endpoint indicators and GWP, as well as relatively low primary energy.
Based on the evaluation of the materials of the selected external bearing walls that we judged to be the best, it can be stated that the analyzed environmental optimal constructions result in no increase in the economic cost of the material. In fact, they are slightly cheaper (by approximately 10%) than the average costs of all other structures.
It can be concluded that an environmentally suitable solution does not necessarily have to be a more expensive alternative, and that attention should also be paid to the environment while choosing the building materials. Relatively little change in the material composition of the structure can reduce the environmental burden, while ensuring the required functional and thermal insulation parameters. The comprehensiveness of our evaluation can help in the decision-making process regarding the suitable selection of materials. 
